Foundry sand, an indispensable component of the metal casting process, is discarded after a number of metal casting operations. Since virgin sand is required for the new processes, and the spent foundry sand is treated as waste, a huge amount of discarded sand is either stockpiled or dumped into landfills.
utilized in the foundry process. All such sands are not identical, however, and they are classified based on their types of binder systems. The first and most common type (90%) is clay-bonded sand, namely green sand, while the second is termed chemically-bonded sand. Green sand is composed of high quality silica sand (85-95%), bentonite clay (4-10%) as its binder, carbonaceous additive (2-10%) to improve the casting surface finish, and water (2-5%). Chemically bonded sand consists of 93-99% silica and 1-3% chemical binder by weight (Beeley 2001; Clegg 1991) . The binder provides cohesion to the silica sand so as to retain the shape of the mold during the casting process.
Following several utilizations, the heat degradation incurred from repeated pouring ultimately renders the foundry sand particles too fine for further use. At this stage, the "spent" foundry sand must be replaced with virgin sand (CWC 1995) . This replacement results in a continuous outflow of molding sands from the foundry process; therefore, the total waste production in a cast iron foundry is about one ton of waste (of which the 50% b.w. is comprised of molding sands) for one ton of casts (Zanetti and Godio 2006) .
The annual world's casting production of several countries is given in Table 1 . These figures allow researchers to estimate the current situation and amount of waste foundry sand (Annual Census of World Casting Production 1991 , 2003 , 2005 .
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However, instead of replacing the spent sand with virgin sand, the recovery of large quantities of spent foundry sand is possible by using a procedure known as reclamation. Green sand reclamation involves the removal of the clay and carbonaceous material bound to the silica sand grains and the retention of the particle size distribution of the original silica sand grains. Cruz et al. (2009) completed an experimental study on green sand reclamation using a fluidized bed with an attrition nozzle. They demonstrated that the approximate cost of the required energy for reclamation of spent sand was $23 per ton, excepting additional expenses such as equipment, installation and maintenance, and labor. The attrition may be an economically feasible method for recovery of spent foundry sand. However, they indicated that there is currently no industrial scale equipment that reclaims green sand using an attrition nozzle on spent sand, and that there remains considerable doubt about the ultimate quality of reclaimed spent sand (Cruz et al. 2009 ).
Zanetti and Godio (2006) also presented their research into the recovery of foundry sands and iron fractions from an industrial waste landfill. They tried to recover this by-product in three ways: (i) thermal process, which carries the risk of strong environmental impact and costs about €30-40 per ton.
(ii) wet mechanical treatment, which involves a noticeable sludge production and costs about €20-30 per ton. (iii) dry mechanical process, which -to comply with the core making operationsnecessitates a unique study for each plant of the organic additives mixture and costs €10 per ton. They also concluded that the European price of virgin silica sand nearly equaled the price of recovery of foundry sand. For instance, in Italy the price is about €40 per ton while, i.e. in Belgium and Netherlands the same product is sold at about €10 per ton (Zanetti and Godio 2006). Therefore, many foundries are reluctant to reclaim spent foundry sand and instead prefer to replace it with virgin sand and discard large quantities of this spent foundry sand, namely waste foundry sand (WFS).
There are currently over 3000 foundries in the United States generating 10 million tons of WFS per year (Siddique 2007) . In Europe, the total amount of WFS is approximately 12 million tons per year (Abichou et al. 2004 ). The vast majority of this WFS (90%) is being dumped into landfills, even though this material has the kind of properties that make it an excellent choice in various engineering applications. Additionally, virgin sand stockpiles in many states and metropolitans are almost exhausted. Hence, many foundries have to deal with such serious problems as the need to locate new areas, to comply with a host of environmental regulations, and to compensate for long hauling distances; for instance, in Istanbul, the largest city of Turkey, transportation and dumping costs of WFS can climb as high as $15/m 3 . Add to this the fact that vast amounts of natural virgin materials are D r a f t 4 being utilized across the face of the globe in such kinds of applications as highway construction, structural fill, concrete, etc. For example, in Finland alone, over 50 million tons of natural mineral aggregate are being used each year for earth and road construction (Mroueh and Wahlström 2002) .
Hence, the depletion of materials such as natural sand and gravel in some of the world's most populated areas serves to increase transport distances, thereby driving up costs and increasing the need for by-products like WFS as substitute materials. WFS recycling as a substitute material supports not only the strategic goals of current environmental legislation, but also provides remarkable benefits such as the reasonable conservation of natural resources and a reduction of landfill disposal.
As mentioned above, almost all WFS (90%) is being land-filled, with only the remaining ten percent utilized in various applications. Among the most probable reasons for this low utilization rate it can be counted: (i) WFS can be hazardous to environment, (ii) many engineers are not aware of the quality and index properties of WFS, and (iii) some official associations are reluctant to use this byproduct as a substitute material in various applications. Despite this, WFS has been successfully utilized in embankments and/or structural fills, road base and/or sub-base, hot mix asphalt (HMA), flowable fills, soil and/or horticultural, cement and concrete products, traction control, and other applications respectively by volume (U.S. Department of Transportation, Federal Highway Administration 2007).
Before beginning a discussion of the studies related to these applications, it is required to first examine the environmental factors relative to WFS and then its technical properties.
Environmental Effects of WFS
In today's world, many governments -particularly those generally referred to as "developed" -tend to be sensitive to their environments and have developed relative laws and regulations. Most of these regulations demand that by-products must be proven to be both environmentally friendly and technically suitable before they can be utilized. In other words, these materials must be only minimally polluting, or their pollutants must be bound to the material to prevent or their migration to the environment must be kept at minimum levels (Mroueh and Wahlström 2002) .
Prior to the casting process, foundry sand is mostly accepted as clean; however, once it has been used in production, it may become hazardous due to the inclusion of heavy metals and leachable contaminants (U.S. Department of Transportation, Federal Highway Administration 2007).
Many past researchers have focused their investigations on the environmental properties of WFS.
These studies have demonstrated that WFS does not cause groundwater or surface water contaminations as the measured concentrations were significantly lower than the U.S. Environmental Protection Agency (EPA) maximum concentration limits (Ham et al. 1981; Lovejoy et al. 1996; Naik et al. 2001 ).
Moreover, according to the experiments conducted by Freber (1996) , the concentrations of metals in groundwater underlying highway embankments are comparable with those encountered in the natural environment, i.e., embankments constructed with natural materials. And even though Lee and Benson (2002) and Coz et al. (2004) found that the concentrations of some metals such as zinc, lead, chromium, and iron leaching from WFS may exceed U.S. EPA limits, they also determined that there was only a ten percent -tolerable range -difference between the measured and EPA limit values. Guney et al. (2006) evaluated the environmental behavior of WFS amended with lime and cement. They claimed that water passing through WFS or WFS-based mixtures did not become contaminated with metallic compounds, due to fact that the measured concentrations were apparently lower than the U.S. EPA limits. In other words, if utilized and if there is contact between the WFS and water that has been discharged directly to the environment (e.g., drainage through asphalt pavement), the quality of the water will not be affected by any metals leached from the WFS or WFS-based mixtures.
Technical Properties of WFS
In order to understand in which applications WFS can be a supplementary material its physical, chemical and mechanical characteristics are provided in Tables 2, 3 and 4 respectively. The durability designating the ability to survive, sustain and perform at permissible levels ranks as one of the most D r a f t 6 desired features of a highway. When used as an attribute of road material, durability is defined as the degree to which road material preserves its properties under changing circumstances, particularly weathering. Due to its both lower micro-deval abrasion loss and magnesium sulfate soundness loss value, WFS is expected to have favorable durability characteristics as a highway material.
Furthermore, its other features such as friction angle (the angle of shearing resistance), California Bearing Ratio, density, moisture, and plastic index, which are comparable to those of conventional sands, reconfirm this assumption. Owing to the presence of both clay lumps and friable particles, WFS has a relatively low hydraulic conductivity, underlining the fact that it can be considered a promising material in hydraulic barrier construction.
Consisting of almost 90 percent silica, WFS tends to be hydrophilic and therefore attracts water to its surface. When used in hot mix asphalt, this property can cause an increase in moisture-dependent damage, resulting in stripping of the bitumen coating surrounding the aggregate gains, loss of fine aggregate and detrimental pavement deformations. This phenomenon reveals that only a limited amount of WFS can be used as a supplement for fine aggregate in bituminous mixture.
Potential Areas for Recycling of WFS

WFS in Highway Construction
During both the construction of pavement layers and service life of the pavement, soft sub-gradesparticularly fine-grained soils -have always constituted a major problem under repeated traffic loading. There are currently several methods used to strengthen these kinds of sub-grades including its stabilization with chemical agents or by combining two or three different graded soils. Another commonly used method involves replacing these weak sub-grades with a layer of selected granular material (mostly with conventional crushed rock). However, due to the high costs of such materials, D r a f t 7 searches for alternative materials are on-going. To this end, Tanyu et al. (2004) investigated four alternative materials (grade 2 gravel, foundry slag, bottom ash and WFS) to compare their equivalency with crushed rock in terms of cumulative total deflection for a pavement. They indicated thatneglecting other issues such as drainage and weathering -the equivalent thickness of alternative materials obtained when their total deflections were equal to that of conventional crushed rock under the same 1000 cycle load. They measured and compared the total deflection results with both an inlaboratory large-scale model experiment (LSME) and with an in-field rolling wheel deflectometer (RWD). LSMEs were performed on each of the working platforms of alternative materials in order to create a relationship between total deflection and working platform thickness for a typical construction loading (1000 trips of a loaded four-axle dump truck). Among the obtained results, the WFS results are shown here in Figure 1 and Table 5 . As can be seen from the table, the lowest total deflection of WFS was at its optimum water content (16%) and the highest total deflection was 7% wet of optimum water content (23%). The total deflection of foundry sand compacted at dry of optimum water content (12%) was larger than that of compacted of optimum water content (16%). Thus, we may conclude that the total deflection decreases as the layer thickens.
In order to determine the equivalent working platform thickness for alternative materials, a power function was generated between total deflection (δ) and working platform thickness (h). This equation is as follows;
where; ß and α are fitting parameters. Their WFS values are given in Table 5 . We can derive this equation to find equivalent thickness of WFS depending on the thickness of crushed rock as follows; promising since its value is lower than that of crushed rock.
In conclusion, it is clear that among these three by-products (foundry slag, bottom ash, and WFS) due to its total deflection under repeated traffic loads, WFS ranks as an especially favorable material which may be used to replace crushed rock. Additionally, the working platforms constructed with WFS are not thicker in volume than that of crushed rock. This means that WFS can be considered as an alternative material for highway construction provided that other issues such as drainage and etc.
are neglected (Tanyu et al. 2004 ).
In their investigation of the suitability of WFS as a highway base and sub-base material Kleven et al. (2000) conducted a study on 13 different types of WFS and one base sand sample. To make their comparisons these researchers accepted the highway base and sub-base material by WisDOT (Wisconsin Department of Transportation) as their reference materials. As the basis of their study, they performed the California bearing ratio (CBR), unconfined compressive strength (q u ), and resilient modulus (M R ) tests on the samples.
The first part of the study consisted of a determination of the pertinent engineering properties of WFS so as to create empirical correlations relating engineering properties of WFS to index properties.
In the second part, three water contents (dry of optimum, optimum, and wet of optimum water content) and two compaction efforts (standard and modified effort) were investigated to understand how they WFS section performance is compared to that of the clay borrow and natural sand sections of the embankment. As shown in Figure 3a and 3b, inclinometers and piezometers were used to carry out an in-situ measurement of vertical and horizontal displacement and hydraulic conductivity. 
WFS in Hot Mix Asphalt (HMA)
A few studies have also been conducted on the utilization of WFS as a substitute for the fine aggregate in HMA. Abichou et al. (1999) determined that the premier factor influencing the utilization of WFS in HMA was the amount of the fine particles existing in WFS. They indicated that the fineness of WFS had a negative effect on HMA properties. In other words, the basic properties of the HMA samples that included WFS began to dissipate in parallel with the additions of amounts of WFS. This was especially true for stability properties. Javed et al. (1994) conducted similar experiments on asphalt concrete samples containing WFS.
They found that an amount up to 15% was the maximum amount of WFS that could be allowed to replace conventional sand content in asphalt concrete. However, in the light of their experiments on samples having 0, 4, 7, 10, 14, 17 and 20% replacement of fine aggregate with WFS, Bakis et al. (2006) suggested that using WFS as a partial replacement for fine aggregate in asphalt concrete should be limited to a maximum of about 10% in practical applications. They made this determination based on the fact (i) that, as shown in Figure 4 , flow decreased parallel to the increase in the percentage of added WFS (ii) as the percentage of WFS added to the asphalt cement increased from 0 to 20% and the Marshall stability value decreased from 12.1 to 9.7 kN. However, when the WFS content was limited to a maximum of 10% of the whole aggregate weight, the Marshall stability value was 10.9 kN. which D r a f t is a fairly good result; (iii) similarly the indirect tensile strengths of the asphalt cement samples displayed an almost linear decrease as the percentage of WFS material was increased, resulting in values of 13.9 kPa with 0% WFS, 11.8 kPa for 10% WFS and 9.4 kPa with 20% WFS added. (iv) it is well-known that the measured density value of asphalt cement concrete is 2.4 g/cm 3 . However, they measured this value as 2.28 g/cm 3 for asphalt cement concrete sample including 20% WFS. Hence, it is clear that the density of the mixture decreases as the percentage of WFS in the asphalt cement concrete increases as shown in Figure 4 .
Fig. 4.
In the same research, they also showed that inclusion of WFS into HMA did not cause any damage to the environment (Bakis et al. 2006 ).
WFS in Concrete
Khatib and Ellis (2001) investigated concrete samples containing three types of foundry sands as a partial replacement of fine aggregate: white fine sand without the addition of clay and coal; foundry sand before casting process (virgin); and foundry sand after casting process (WFS). In order to determine the optimum amount of these materials, the standard sand was partially replaced by 0%, 25%, 50%, 75%, and 100%. Their results indicated that (i) the strength of concrete reduced as the amount of replaced sand increased; (ii) concrete samples containing white sand had similar strength to those including WFS at all replacement levels; (iii) concrete with high amounts of virgin sand had lower strength compared with concrete incorporating white sand or WFS; and (iv) increase in strength was not observed at low replacement levels (less than 50%). The tests on shrinkage up to the age of 60 days were also performed, and according to the results, they indicated that (i) length change of concrete increased as the replacement amount of standard sand with the three types of sand increased;
(ii) WFS based concrete had higher drying shrinkage values; however, white sand based concrete had lower values. (iii) expansion was mostly lower in white sand based concrete compared with the other two types (virgin and WFS) at a low sand replacement level of 25% (Khatib and Ellis 2001).
Another research was conducted by Siddique et al. (2009) on concrete samples containing three D r a f t 13 different percentages of WFS (10%, 20%, and 30%) substituted for the fine aggregate. They explained that; (i) as seen in Figure 5 , an increase in compressive strength was observed due to the fact that WFS is finer than conventional sand. Additionally, it is clear in Figure 6 that higher splitting-tensile strength was observed due to silica content present in the WFS. Likewise, flexural strength, and modulus of elasticity of WFS based concrete increased in line with the increase in foundry sand content as shown in Figure 7 and 8; (ii) compressive strength, splitting-tensile strength, flexural strength, and modulus of elasticity of concrete mixtures increased with age for all the WFS contents as seen in Figure 5 , 6, 7, and 8. (iii) increase in compressive strength varied between 8% and 19% depending upon WFS percentage and testing age, whereas it was between 6.5% and 14.5% for splitting-tensile strength, 7%
and 12% for flexural strength, and 5% and 12% for modulus of elasticity. According to their obtained results, they concluded that WFS could be promisingly utilized to provide a-high quality concrete ).
In addition to various strength-related tests, Manoharan et al. (2017) evaluated micro-structural properties of concrete with WFS in a recent study. After investigating the presence of various compounds and micro cracks by image-analysis, the authors suggested that WFS up to 20 wt% could be proposed to be recycled as an alternative material for concrete industry.
In an environmentally-focused study, Siddique et al. (2018) showed that the use of WFS as replacement of conventional sand did not only lead to a decline in the cost of concrete, but also to a considerable reduction in CO 2 emissions. In another similar study, leachability characteristics of the concrete specimens with WFS at different pH conditions representing variant natural cases revealed that WFS could be utilized in the production of concrete with no hazardous effects in terms of the appreciably by introducing WFS whose bentonite is at least 6% so that fly ash fines do not have to be added to CLSM. Their conclusions suggested a mixture calculation for CLSM as shown in Table 6 ( Dingrando et al. 2004 ). Table 6 .
Therefore, in the light of these previous studies, it is clear to say that WFS can be utilized in lieu of sand in CSLM without any hesitation.
WFS as Hydraulic Barrier
Geotechnical applications -mainly pavements and high embankments -are susceptible to water.
Currently, geomaterials such as geomembranes are used to protect these structures against the detrimental effects of water. These materials, however, remain costly. On the other hand, WFS, a byproduct of the molding industry and one that is being ignored and stockpiled has the kinds of fine components that allow its utilizations as hydraulic barriers. In this model, the grains are first coated with bentonite. When bentonite finds any water, it swells and fills the pore spaces between the grains. The researchers then measured the hydraulic conductivity of the network by the law of conservation of mass at each junction in the network. They thus determined that the hydraulic conductivity of swollen bentonite was 5x10 -9 cm/sec.
This led them to conclude that, in terms of hydraulic conductivity, compaction water content and compaction energy, WFS performs similarly to conventional clay. But, as seen in Figure 10 , the hydraulic conductivity of WFS was not as sensitive to compaction conditions.
Fig. 10.
They also stated that the hydraulic conductivity of WFS with a liquid limit greater than 20 and/or a bentonite content greater than 6% was less than 1x10 -7 cm/sec. Their obtained results also indicated that WFS is resistant to freeze-thaw and wet-dry cycling (Abichou et al. 2004 ).
In light of these results, we can also unequivocally conclude that WFS with low hydraulic conductivity is a promising hydraulic barrier material in terms of both restricting the water seepage volume and impeding the dissolved chemical transportation.
WFS in Other Applications
Garcia-Valles et al. (2008) created a product they called PROUSÓ to be utilized as an acoustic barrier and a thermal insulator. They generated this product from four industrial wastes: WFS, slag from the aluminum recycling process, dust from marble manufacturing, and recycled expanded polystyrene obtained from recycled packaging manufacturers. According to their results, PROUSÓ absorbs 95% of the sound in the 500 Hz frequency band. Additionally, they found that its firing temperature was approximately 1300°C and it presented behavior refractive supporting temperatures higher than 1000°C without any deformation. In the light of these results, this product, PROUSÓ containing WFS, is a promising formulation in terms of acoustic and thermal insulation (Garcia-Valles et al. 2008 ).
Another WFS study was carried out on thermoplastics. Thermoplastic rejects, which are D r a f t generally disposed of through burning or landfill disposal, are causing harmful emissions and having a gross negative effect on the soil into which they are dumped. El Haggar and El Hatow (2009) suggested that instead of disposing of these hazardous materials through land filling or burning, they Similar studies conducted in several parts of the world recommend the recycling of WFS and its utilization in many applications such as ceramic formulations, appliance productions, and glass.
However, compared with geotechnical applications or/and highway applications, such applications would utilize much lower amounts of recycled WFS.
Conclusion and Recommendations
The vast majority of waste foundry sand is currently being land filled, while only a small part of this material is being utilized, most of which in civil engineering applications. In this paper, the potential areas for WFS utilization have been explored through the conducting of an extensive literature search.
Unlike research on reuse of other waste materials such as fly ash and foundry slag, there are currently only a handful of studies available on the topic. To date, the reluctance to utilize this material has been most likely due to the lack of knowledge regarding its engineering parameters and environmental impacts. Added to this is the lack of information and knowledge of any potential utilizations.
Since the aim of waste utilization is to eliminate the stockpiles, namely get rid of almost all generated WFS, various stages of highway construction are the ultimate areas to be considered. Using the material in low strength concrete and hydraulic barrier construction is also a favorable consideration, but remains one that is limited in its ability to reduce the stockpiles.
In conclusion, it is recommended that more research studies should be supported and that these will ultimately stimulate the utilization of this abundant material during various stages of highway construction. 
